Abstract-(250 words)
The mechanism of chemical synaptic transmission was elucidated at the frog neuromuscular junction (NMJ) and at the squid giant synapse by Katz, Miledi and other researchers. Later progress in molecular biology revealed numerous types of proteins in mammalian central synapses. To establish molecular-functional correlation in synaptic transmission, it now seems essential to re-address the fundamental mechanisms at mammalian central synapses. Using patch-clamp whole-cell recording at the calyx of Held in slices of rodent brainstem, we have identified quantal EPSCs and reproduced the quantal analysis established at the NMJ. Intra-terminal whole-cell loading of the neurotransmitter, glutamate, revealed that vesicular transmitter content is an important determinant of quantal size and its variation. Regarding the Ca 2+ -dependence of transmitter release, the average coupling distance between Ca 2+ entry sites and exocytic vesicles was estimated as tens of nanometers and was found to undergo developmental tightening at the calyx of Held. Numerical simulations suggested that this distance can determine the synaptic delay, synchronicity of vesicular transmitter release, and release probability. The super-linear input (presynaptic)-output (postsynaptic) relationship of neurotransmission is an important physiological feature discovered at squid giant synapses. However, at the calyx of Held, unlike at the squid synapse, the input-output relationship had a wide safety margin, protecting transmitter release from a diminishment of presynaptic action potentials. As in the NMJ, Ca 2+ remaining in the cytosol after action potential facilitates subsequent release. As a downstream mechanism of this residual Ca 2+ , a Ca 2+ -induced Ca 2+ channel activation via high-affinity Ca 2+ binding proteins was discovered at mammalian central synapses. 
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INTRODUCTION
Quantal nature of central synaptic transmission
The "accidental" discovery of spontaneous miniature end-plate potentials (mEPPs) at the frog NMJ (Fatt and Katz, 1951; Katz, 1993) inspired Katz and colleagues at UCL to
raise the quantum hypothesis of transmitter release (del Castillo and Katz, 1954a Fig 1A) . Intracellular recording with K citrate-filled electrode revealed depolarizing and hyperpolarizing blips, which were judged to be miniature excitatory and inhibitory postsynaptic potentials (mEPSPs, mIPSPs), respectively ( Figure 1Aa ).
Replacement of Cl -with SO 4 2-permitted to isolate mEPSPs with skewed amplitude profiles ( Figure 1Ab ). This was the first demonstration of quantal synaptic responses in central synapses. Extension of these findings to mammalian central synapses was subsequently made by Blankenship and Kuno (1968) , who blocked APs using tetrodotoxin (TTX) applied to spinal motoneurons of anesthetized cat and recorded miniature synaptic potentials. Later, miniature events were recorded from motoneurons of isolated rat spinal cord in the presence of TTX (Fig 1B, Takahashi, 1984) . These events were abolished by strychnine, suggesting that they were mIPSCs produced by the inhibitory transmitter, glycine. The absence of mEPSPs could be attributed to remote dendritic location of excitatory inputs, distant from the recording site. These mIPSCs behaved like mEPPs, with their frequency increased by raising extracellular Ca 2+ concentration, K + concentration, or osmotic pressure (Kojima and Takahashi, 1985) .
Unlike the mEPPs at the NMJ, mIPSCs in rat spinal motoneurons originate
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A C C E P T E D M A N U S C R I P T 5 from multiple inputs. Since the quantal size may vary from one input to another, they cannot be used for quantal analysis of synaptic responses from a given input. This inability to identify input-specific quantal events at central synapses made quantal analyses rely on multiple peak distributions of the evoked synaptic potentials or currents (Edwards et al, 1990; Larkman et al, 1992; Jonas et al, 1993) , but none of them reached a clear conclusion (Kuno, 1995 ] ratio ( Figure 2C ). In this method the mean quantal size (Q W ) is estimated from the initial slope of parabola; the number of release sites (N) from the PSC amplitude at the maximal release probability (P r ), and P r is calculated from the PSC amplitude divided by N, according to the quantum hypothesis (PSC amplitude = NP r Q W , del Castillo Katz, 1954a).
Patch-clamp techniques (Hamill et al 1981) applied to mammalian central
neurons (Edwards et al, 1989) visualized in thin slices (Takahashi, 1978) , enabled stable pair recordings simultaneously from pre-and postsynaptic structures at the rodent calyx of Held (Borst et al, 1995; Takahashi et al, 1996) (Fig 3A) . The single glutamatergic input permits to analyze the spontaneous EPSCs as equivalent to mEPSCs. In fact, TTX has no effect on the amplitude distribution or mean frequency of the spontaneous EPSCs (Ishikawa et al, 2002) . In simultaneous pre-and postsynaptic recording, stepwise presynaptic depolarizations increase the frequency of mEPSCs without affecting their amplitude profile ( Fig 3B) (Sahara and Takahashi, 2001) , as in mEPPs at the frog NMJ (del Castillo and Katz, 1954b) . Although postsynaptic receptors were proposed to be saturated by transmitter (Jack et al, 1981; Larkman et al, 1992; Jonas et al, 1993) , transmitter glutamate does not normally saturate postsynaptic AMPA receptors at the calyx of Held (Ishikawa et al, 2002) . Glutamate infused at high concentrations into presynaptic terminals increased the amplitude of mEPSC, ie quantal size, without changing the kinetics of mEPSCs (Fig 3C) . The mean amplitude of mEPSCs was larger when glutamate was loaded at higher concentrations ( Fig 3D) .
Non-saturation of postsynaptic AMPA receptors by quantal transmitter is also suggested for hippocampal synapses in culture from experiments using a low-affinity AMPA receptor agonist (Liu et al, 1999) .
A long-standing question has been which factor determines the variations in the quantal size (Katz, 1993) . When many quanta are released synchronously, glutamate can saturate postsynaptic AMPA receptors. The coefficient of variation (cv = variance / mean) of such EPSC amplitudes is as small as 0.04 at the cerebellar mossy fiber-granule cell synapse (Silver et al, 1996) . In contrast, the cv of quantal size was 0. (Fig 4) , at both glutamatergic synapses (Hori and Takahashi, 2012; Takami et al, 2017) and GABAergic synapses (Yamashita et al, 2018) . Thus, empty or poorly filled vesicles can undergo exocytosis as efficiently as fully filled vesicles. Other conflicting evidence to the quantum hypothesis comes from sub-miniature EPPs observed at the frog NMJ, particularly after tetanic stimulation (Kriebel, 1978) . These events might arise from incompletely filled synaptic vesicles, as refilling of synaptic vesicles with neurotransmitter is a slow process, with tens of seconds in time constants, at both excitatory (Hori and Takahashi, 2012) and inhibitory (Yamashita et al, 2018) synapses. Fig 5B) . Thus, the quantum hypothesis originally raised at the frog NMJ does hold at this mammalian central synapse.
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Calcium-release coupling clarified at giant synapses in squid and rodents
The importance of extracellular Ca 2+ for synaptic transmission has been widely recognized since 1940s (Feng, 1988) and its effect on transmitter release was demonstrated at the NMJ (del Castillo and Stark, 1952) . However, for some time, it remained unclear whether Ca 2+ acts at outside or inside of nerve terminals. Whereas iontophoretic Ca 2+ injection to the squid giant presynaptic terminals failed to induce postsynaptic responses (Miledi and Slater, 1966) , Katz and Miledi (1969) found that pharmacological block of K + channels with tetra-ethyl ammonium (TEA) induces a regenerative Ca 2+ entry, similar to Na + entry during an AP (Hodgkin, Huxley, 1952) .
Based on these observations they suggested that Ca 2+ enters through voltage-gated Ca 2+ channels and exerts its action inside the nerve terminal to trigger transmitter release ( Fig 6A) . Quantitative analyses on this issue were made later at this synapse (Llinas et 1976) . Eventually, Miledi (1973) demonstrated that iontophoretic Ca 2+ application from a microelectrode inserted into a squid giant presynaptic terminal produces asynchronous transmitter release (Fig 6B) . Later studies using Ca 2+ indicators at squid synapses demonstrated that Ca 2+ entry does occur near the release sites of squid giant synapses (Augustine et al, 1985; Llinas et al, 1992) .
The spatial distribution of Ca 2+ channels and its influence on transmitter release
were systematically examined at the calyx of Held of developing rats (Nakamura et al, 2015) . Immunogold freeze-fracture replica labeling of Cav2.1 (P/Q-type Ca 2+ channel)
has revealed Ca 2+ channel clusters of various sizes, comprising 2-27 channels, on the synaptic face of the terminal (Fig 7A) . When an AP was elicited with a whole-cell patch pipette at a calyceal terminal, a fast Ca 2+ transient was recorded, with a short delay, at confocal optical spots along the distal edge of the terminal, where transmitter is released (Fig 7B) . At spots opposite to the release face, Ca 2+ transients were small and slow, suggesting that Ca 2+ seen with intracellular dye was derived from remote entry sites.
The Ca 2+ -release coupling distance can be estimated from the effect of presynaptic loading of a Ca 2+ chelator EGTA (K on = 1.5 mM -1 ms -1 ) on EPSC amplitude. Presynaptic EGTA (2 mM) attenuated EPSC amplitude by ~ 60 % at calyces of Held of postnatal day (P) 14 rats ( Fig 7C) . Numerical simulations based upon this and other data, including estimation of intracellular Ca 2+ buffer strength and kinetics, suggested that the coupling distance between a release site and a perimeter of a Ca 2+ channel cluster to be ~20 nm at P14 (Fig 7D) . The vesicular release probability (P r ) estimated by the simulation from perimeter coupling distance (PCD) agreed well with the reported value estimated using variance-mean analysis (Koike-Tani et al, 2008) . Furthermore, the vesicular release rate and synaptic delay estimated from the simulation coincided well
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with recorded data (Fig 7E) . Based on these findings, a Ca 2+ -release coupling model was proposed, in which release sites are located tens of nanometers distant from the perimeter of a Ca 2+ channel cluster (Fig 7F) . This coupling distance shortened from 30 nm to 20 nm during postnatal development from P7 to P14 (Nakamura et al, 2015) .
The input-output relationship at giant synapses in squid and rodents
The input-output relationship at synapses is a fundamental issue, which determines informational flow through neuronal circuitry. At squid giant synapses, slight alteration of presynaptic AP amplitude by changing membrane potential (Hagiwara and Tasaki, 1958; Takeuchi and Takeuchi, 1962; Miledi and Slater, 1966) , or with tetrodotoxin (TTX) at a low concentration (Katz and Miledi, 1967) , causes large changes in postsynaptic response amplitude. Specifically, changing presynaptic AP amplitude by 14-20 mV causes a 10-fold change of postsynaptic response amplitude (Miledi and Slater, 1966; Katz and Miledi, 1967) (Fig 8A) . Such a super-linear input-output relationship is thought to explain the presynaptic inhibition caused by depolarization of primary afferent terminals in the mammalian spinal cord (Eccles, 1964) . These experiments are presently feasible at the mammalian synapse, calyx of Held, where the input-output relationship can be examined using simultaneous pre-and postsynaptic whole-cell recording (Hori and Takahashi, 2009). When TTX was applied at a low concentration, the amplitude of the presynaptic AP gradually declined, but the EPSC amplitude remained similar until the AP overshoot dropped below +10 mV (Fig 9A) .
Below this level, a 10-mV reduction in presynaptic AP amplitude diminished EPSC amplitude by 72%, as it happens in the squid synapse (86 %, Katz and Miledi 1967).
When AP amplitude was increased by up to 30% by presynaptic hyperpolarization, EPSC amplitude did not change (Fig 9B) . Thus, the input-output relationship at the
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A C C E P T E D M A N U S C R I P T 11 calyx of Held synapse is different from that at the squid giant synapse (Hagiwara and Tasaki, 1958; Miledi and Slater, 1966 (Fig 10A) . This effect accounts for paired-pulse facilitation by ~ 50 % at the calyx of Held (Fig 10B) (Hori and Takahashi, 2009; Muller et al, 2008) , and by nearly 100% at cerebellar inhibitory synapses between Purkinje neurons (Diaz-Rojas et al, 2015) . At the calyx of Held, this function is augmented by a developmental switch of Ca 2+ channels from Cav2.2 (N
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12 type) to Cav2.1 (P/Q type) (Iwasaki and Takahashi, 1998; Ishikawa et al, 2005) . During presynaptic depolarization by KCl, synaptic facilitation is switched to depression when presynaptic AP overshoot was diminished below +10 mV (Fig 9D) . Thus, the wide safety margin of input-output relationship contributes to facilitation of transmitter release during presynaptic depolarization at this mammalian synapse. 
CONCLUSION
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